Abstract: Landfills have been identified as potential sources of heavy metal pollution of the environment. The municipal solid waste Łubna landfill is one of the largest landfills in Poland. Its impact on heavy metal pollution (Cd, Pb, Zn, Cu, and Cr) of groundwater, soil and plants has been thoroughly evaluated. Elevated levels of contamination have not been recorded in the vicinity of the landfill. The concentrations of heavy metals in soil from the vicinity of the landfill were similar to the geochemical background levels for the forest and farming soils of central Poland. The concentrations of heavy metals in European goldenrod (Solidago virgaurea L.) and grasses (Poaceae) did not exceed the baseline concentrations and did not indicate environmental pollution by heavy metals. The levels of the metal concentration in groundwater did not exceed the standards established for water intended for consumption.
Introduction
The storage of municipal solid waste in landfills is one of the oldest and most common methods of their disposal in Poland. Up to 95% of total municipal solid waste (MSW) collected worldwide is disposed in landfills [1] . In Poland, a total of 10,330 thousand Mg of MSW were collected in landfills in 2014 [2] .
Environmental pollution by heavy metals is one of the most dangerous elements of contamination and is particularly hazardous to human health. The municipal solid waste landfills are potential sources of groundwater, soil and plant pollution by heavy metals [3] [4] [5] [6] [7] . The contribution of heavy metals from MSW in Poland in 2011 was assessed by Tałałaj [8] as follows: Pb-108.5 g/Mg, Cu-90 g/Mg, Zn-560 g/Mg, Cr-101.5 g/Mg, and Cd-2.24 g/Mg. Heavy metals are a serious threat if they are transported from the landfill to the environment.
Leachate is produced during the exploitation of the landfill and also after its closure. According to the Council Directive No. 1999/31/EC [9] on the landfilling of solid waste, leachate has been defined as "any liquid percolating through the deposited waste and emitted from or contained within a landfill". MSW landfills have eliminated some impacts of old practices (i.e., uncontrolled waste deposition without any protecting measures); however, such impacts as gas and leachate formation are still a major 1 Figure 1 . Geological cross-section through the subsoil of the MSW Łubna landfill and its vicinity [15] .
Measurements in existing piezometers indicate that the directions of water flow are mainly to the north-west and south-east [15] . These directions are subject to seasonal oscillations that depend on the groundwater level of the first aquifer horizon [19] . Periodically, at high groundwater levels, water stagnates on the surface, forming local ponds. The filtration coefficients for soils in the first aquifer horizon are as follows: for fine and silty sands − k = 3 × 10 −5 m/s, and for medium and coarse sands − k = 2 × 10 −4 m/s [18] .
History and Condition of the Landfill
The landfill is an embankment type structure, it covers the area of 16.2 ha, and its height exceeds 60 m above ground level. Storage of municipal waste in the MSW Łubna landfill began in 1978 in a wetland area that was not prepared for such purposes [20] . For the first 30 years, all municipal waste from the city was disposed on the landfill. However, after 1992, only commercial ballast and technological waste was stored there. Since 1996, protective and remediation works have been conducted within the landfill. The reclamation works were implemented according to the construction projects. They were simultaneously verified and updated according to observations of the physical and chemical processes within the landfill. The daily load of mixed solid municipal waste in the peak interval 1995-1998 reached 2500 Mg, whereas in the last years of the exploitation, it ranged from 400 to 700 Mg. As a result of protests by the neighboring community, the landfill was closed on 31 March 2011. Until 2014, works were conducted focusing on the formation and capping of the landfill surface and its biological remediation. In 2015, the final acceptance of the construction and remediation works occurred. Presently, attention is focused on the exploitation of the leachate drainage system, the degassing system, and maintenance of the vegetation on the landfill surface.
Since 1997, a systematic improvement of groundwater quality has been observed within the landfill area [16] . The improvement of groundwater and surface water quality around the landfill was obviously influenced by the construction of a drainage system for the leachates and a vertical bentonite barrier surrounding the landfill. The scheme of the remediation belt around the landfill is presented in Figure 2 . was obviously influenced by the construction of a drainage system for the leachates and a vertical bentonite barrier surrounding the landfill. The scheme of the remediation belt around the landfill is presented in Figure 2 . Figure 2 . Scheme of the groundwater protection system against leachates from the MSW Łubna landfill [14] .
The increase of groundwater quality is also influenced by the fact that the leachate has been transported to a municipal sewage plant since 1996. A local biological sewage plant was constructed for sewage treatment, but the expected treatment parameters were not achieved. In 2003, an exploitation permit was obtained to utilize the facility as a treatment sub-plant. Other options of leachate management were also considered (e.g., construction of a treatment plant with application of new technologies or a flow through a collector to the nearest municipal sewage treatment plant). Presently, the leachate is still removed by trucks to a municipal sewage treatment plant.
The study material included soils, plants and groundwater, in which the content of heavy metals was tested and included the following: Cd, Cu, Cr, Pb, and Zn. Six study plots with an area of 100 m 2 each were allotted for the analyses (Figure 3 ). Within each study plot, twelve squares with a 1 m side were selected, and soil and plant samples were collected from each plot for the chemical analyses. A piezometer for groundwater intake was also installed in each of the plots. For the groundwater quality assessment and determination of flow directions, samples were also collected from piezometers included in the groundwater monitoring network (Figure 3 ). The number of piezometers investigated was 12 [15] .
The study plots were situated on all parts of the landfill: plot No. The increase of groundwater quality is also influenced by the fact that the leachate has been transported to a municipal sewage plant since 1996. A local biological sewage plant was constructed for sewage treatment, but the expected treatment parameters were not achieved. In 2003, an exploitation permit was obtained to utilize the facility as a treatment sub-plant. Other options of leachate management were also considered (e.g., construction of a treatment plant with application of new technologies or a flow through a collector to the nearest municipal sewage treatment plant). Presently, the leachate is still removed by trucks to a municipal sewage treatment plant.
The study plots were situated on all parts of the landfill: plot No. Subsequently, six plots of 1 m 2 were selected randomly within every research area. Six soil samples of 0.5 kg each from every analyzed depth were collected from all 1 m 2 plots, whereas plant samples were collected from the whole surface of the 1 m 2 plot, i.e., all the plants growing on the plot were cut and analyzed. Mixed samples for analysis were prepared from all the collected individual samples of soil and plant leaves. The soil was dried at 20-22 °C then sifted through a 1 mm sieve, so the material that was analyzed had a diameter of less than 1 mm. The plant samples were washed for one minute in distilled water before being dried (50 °C) and ground. Concentrated HNO3 (suprapur, Merck) (6 mL) and 2 mL of concentrated HCl (suprapur, Merck, Kenilworth, NK, USA) were added into 0.5 g of dried and ground soil and plant samples [21] . The samples were mineralized in a Speedwave Four microwave mineralizer by Berghof. The total time of mineralization was 66 min., and the maximum temperature was 220 °C. After mineralization, the samples were transferred to small flasks with a capacity of 50 mL and filled with MilliQ water to the fill line. Such solutions were analyzed using the ICP-OES technique (Vista-Pro Axial spectrometer by Varian). The obtained results were converted to dry weight and determined at 105 °C.
The groundwater samples were collected using an immersed pump from piezometers from the depth interval of 0.25-0.75 m below the surface [16, 17] . The groundwater monitoring network consists of three piezometers located on the east side of the landfill (9A, 10, 15A), then within the zone of groundwater discharge from the landfill there are seven piezometers, three on the south (1A, Subsequently, six plots of 1 m 2 were selected randomly within every research area. Six soil samples of 0.5 kg each from every analyzed depth were collected from all 1 m 2 plots, whereas plant samples were collected from the whole surface of the 1 m 2 plot, i.e., all the plants growing on the plot were cut and analyzed. Mixed samples for analysis were prepared from all the collected individual samples of soil and plant leaves. The soil was dried at 20-22 • C then sifted through a 1 mm sieve, so the material that was analyzed had a diameter of less than 1 mm. The plant samples were washed for one minute in distilled water before being dried (50 • C) and ground. Concentrated HNO3 (suprapur, Merck) (6 mL) and 2 mL of concentrated HCl (suprapur, Merck, Kenilworth, NK, USA) were added into 0.5 g of dried and ground soil and plant samples [21] . The samples were mineralized in a Speedwave Four microwave mineralizer by Berghof. The total time of mineralization was 66 min., and the maximum temperature was 220 • C. After mineralization, the samples were transferred to small flasks with a capacity of 50 mL and filled with MilliQ water to the fill line. Such solutions were analyzed using the ICP-OES technique (Vista-Pro Axial spectrometer by Varian). The obtained results were converted to dry weight and determined at 105 • C.
The groundwater samples were collected using an immersed pump from piezometers from the depth interval of 0.25-0.75 m below the surface [16, 17] . The groundwater monitoring network consists of three piezometers located on the east side of the landfill (9A, 10, 15A), then within the zone of groundwater discharge from the landfill there are seven piezometers, three on the south (1A, 16, 17) and four on the west side of the landfill (2A, 3A, 4A, 5A). The last two instruments are located on the north where the ground water inflow was defined, these being piezometers no 30 and 31. The full location of sampling points is presented in Figure 3 . These 12 piezometers (triangle blue spots in Figure 3 ) were used to measure groundwater table and flow direction changes [15] . For the purpose of this presented study, six representative piezometers (circle red spots) were selected for further groundwater chemical analyses. Samples were collected in the years 1995, 1998, 2001, 2004, 2006, 2009, 2012, and 2014 . Four samples of water were collected from each location. The measurement of heavy metals was commenced straight after the sample is collected. The water samples supplied to the laboratory were acidified with HNO 3 ; next the samples were subject to exposition in a UV mineralizer MINERAL for 1.5 h. After mineralization the samples were transferred to polyethylene bottles. Such samples were analyzed in a ICP-OES spectrometer (Vista-Pro Axial). To assure the appropriateness of sampling, each pumping was accompanied with simultaneous measurement of pH, temperature and electric conductivity. These samples were collected into smoked glass bottles, and stored at a temperature 1-5 • C. On the basis of the data obtained from the monitoring network, before and after the vertical barrier was constructed, it was possible to compare the water quality in respect of metal content in groundwater. The assessment of the groundwater quality within the landfill site was based on a comparison of metal concentration measured in collected samples (from six sampling points presented in Figure 3 ) with levels required in Polish Standards. The statistical t-test was performed to determine if means of values of groundwater quality from the periods 1994-1998 to 1999-2014 differ significantly. For the adopted significance level p < 0.05, it was stated if there was a measured difference between two groups (before and after the closure of the vertical barrier). The statistical significance was determined on the basis of the t-test results.
Chemical analyses were performed in a laboratory accredited for applying this procedure, according to the ISO 17O25. To provide quality control (QC), the elemental contents in the plant samples were determined using certified reference materials from NIST-USA Montana II Soil (SRM 2711a) 
Results and Discussion
Landfills are sources of groundwater, soil and plant pollution due to the production of leachate and its migration through refuse [22] [23] [24] [25] [26] .
The analyses of groundwater from piezometers located around the landfill (Table 1) indicated very low concentrations of heavy metals. The selected sampling points are those located in the vicinity of groundwater monitoring piezometers. There are also results for pH and electric conductivity (EC), provided to prove that the samples were not influenced only by the runoff or precipitation. The top soil layer consists mainly of a thin impermeable soil that limits the infiltration. However, there is still a possibility that pH and EC could be influenced by external pollution sources, such as industrial facilities in the close vicinity. In none of the analyzed groundwater samples did the metal concentration, in 2014, exceed the admissible values given in the Regulation of the Minister of Health, dated 13 November 2015, for the quality of water intended for human consumption [27] . Metals deposited in landfills are only released in small quantities and transferred to the leachates, and their release is restricted by processes favoring metal immobilization, such as sorption, precipitation and higher pH [8] .
The t-test revealed that the differences between the measured parameters, before and after the vertical barrier was closed, are predominantly statistically significant ( Table 2) . The t-test showed that the differences of the values of the chromium concentration in piezometers 2 and 5, the electrical conductivity in piezometers 2 and 4 and the zinc concentration in piezometer 4 are not statistically significant. For the rest of the measured parameters, the differences of the values between the periods of 1994-1998 and 1999-2014 are defined as statistically significant (very or extremely), which means that the results obtained are unlikely to be due to chance or sampling error.
The charts (Figures 4-8) show the changes in the concentrations of the investigated metals in the groundwater in the years 1995-2014. A significant decrease of concentration could be observed after the construction of the vertical barrier and leachate drainage system. However, due to leachate pumping and transport to a treatment plant, a slight decrease was also noticed just before the reclamation works were implemented. Progressing improvement of water quality was observed in all piezometers after only a few years since the groundwater protection system was installed in the year 1998. Before 1998, the Polish standard of water quality [27] was exceeded in some piezometers for Cd, Cr, Cu, and Pb. The results indicate that the construction of the vertical barrier and leachate drainage system effectively reduced the spread of metals from the landfill.
Studies conducted in four landfills in western Norway [28] also showed no effect on the environmental pollution by metals (Cd-0.002-0.004 mg/kg, Cr-0.006-0.045 mg/kg, Pb-0.002-0.006 mg/kg). The level of Cr in groundwater was a bit higher than the levels of Cd, Pb and Hg, but was still low, remaining under the limits for drinking water according to the EU Directive. Similar results were obtained from the MSW landfill in Delhi, India [29] and Lagos, Nigeria [30] .
The concentrations of Pb, Cd, Cr, and Ni were found to be below the detection limit in the groundwater samples. Studies in other locations have indicated that MSW landfills can significantly affect the contamination of groundwater with heavy metals: Ahmadabad (Cd-0.003, Pb-0.042 [31] ; and Calcutta [32] in India; Ibb City in Jemen [33] ; Cartagena in Colombia [34] ; Vejen landfill in Denmark [35] ; Ano Liosia landfill in Greece [36] ; and Zagreb in Croatia [37] . The contents of all analyzed heavy metals (Table 3) in the subsurface soil horizon (0-25 cm and at 25-50 cm) were low, as is commonly observed for farmlands and forest areas in Poland [38] . In none of the measurement points has the content exceeded the admissible boundary values of metal concentrations in soils, determined in the Ordinance of the Ministry of the Environment of 9 September 2002 [39] . The subsurface soil horizon contained higher contents of all heavy metals in all measurement points compared to the deeper horizon. Earlier soil analyses (2009) in the vicinity of the MSW Łubna landfill have indicated higher levels of metal concentrations in soils (Cd-0.8-1.3 mg/kg, Cu-1.1-14.9 mg/kg, Pb-3-44 mg/kg, and Zn-17-113 mg/kg) but admissible levels were likewise not exceeded [40] . the construction of the vertical barrier and leachate drainage system. However, due to leachate pumping and transport to a treatment plant, a slight decrease was also noticed just before the reclamation works were implemented. Progressing improvement of water quality was observed in all piezometers after only a few years since the groundwater protection system was installed in the year 1998. Before 1998, the Polish standard of water quality [27] was exceeded in some piezometers for Cd, Cr, Cu, and Pb. The results indicate that the construction of the vertical barrier and leachate drainage system effectively reduced the spread of metals from the landfill. Studies conducted in four landfills in western Norway [28] also showed no effect on the environmental pollution by metals (Cd-0.002-0.004 mg/kg, Cr-0.006-0.045 mg/kg, Pb-0.002-0.006 mg/kg). The level of Cr in groundwater was a bit higher than the levels of Cd, Pb and Hg, but was still low, remaining under the limits for drinking water according to the EU Directive. Similar results were obtained from the MSW landfill in Delhi, India [29] and Lagos, Nigeria [30] .
The concentrations of Pb, Cd, Cr, and Ni were found to be below the detection limit in the groundwater samples. Studies in other locations have indicated that MSW landfills can significantly affect the contamination of groundwater with heavy metals: Ahmadabad (Cd-0.003, Pb-0.042 [31] ; and Calcutta [32] in India; Ibb City in Jemen [33] ; Cartagena in Colombia [34] ; Vejen landfill in Denmark [35] ; Ano Liosia landfill in Greece [36] ; and Zagreb in Croatia [37] . The contents of all analyzed heavy metals (Table 3) in the subsurface soil horizon (0-25 cm and at 25-50 cm) were low, as is commonly observed for farmlands and forest areas in Poland [38] . In none of the measurement points has the content exceeded the admissible boundary values of metal concentrations in soils, determined in the Ordinance of the Ministry of the Environment of 9 September 2002 [39] . The subsurface soil horizon contained higher contents of all heavy metals in all measurement points compared to the deeper horizon. Earlier soil analyses (2009) in the vicinity of the MSW Łubna landfill have indicated higher levels of metal concentrations in soils (Cd-0.8-1.3 mg/kg, Cu-1.1-14.9 mg/kg, Pb-3-44 mg/kg, and Zn-17-113 mg/kg) but admissible levels were likewise not exceeded [40] . Note: * Background level in sandy soils in Poland [38] . Table 4 presents the content of metals in the plants. The determined levels in the leaves and stems of European goldenrod and in grasses were low in all locations, as is appropriate for plants growing in Poland outside the direct influence of pollution emitters [38, 41] . In the literature, there is little information on the accumulation of metals in European goldenrod. In uncontaminated agricultural areas, European goldenrod contained 30-68 mg/kg-Zn, 8.6-13.2 mg/kg-Cu [42] , and in plants growing in the mountains of southern Poland, the leaves contained 49-88 mg/kg-Zn, 7.3-7.5 mg/kg-Cu, 1.9-2.1 mg/kg, 0.9-1.8 mg/kg-Cd, 3.0-4.2 mg/kg-Pb, 0.2-0.3 mg/kg-Cr [43] . Tables 5 and 6 present the values of biological indices. The Biological Accumulation Coefficient index reflects the ability of the plant to acquire metals from the soil [11] . Plants, for which the phytoaccumulation coefficient is (WF) > 1, are considered to be accumulators of a given element due to their ability to intake and accumulate a metal in plant tissues. In the case of WF = 1 (approximately), the plants are considered as indicators of a given contaminant. Values below 1 characterize plants that restrict the intake of a given element. The analyses have shown that the intake of Cr, Ni and Pb by European goldenrod and grasses occurred in restricted quantities, and in these cases, the BAC values were below 1. In the cases of Cd, Cu and Zn, the values exceeded 1, but the contents of these metals in soil and plants indicate that, in the landfill area, the pollution is low and at a background level. The values of the Mobility Ratio, reflecting the infiltration of metals from soil to groundwater, were high, indicating an insignificant influence of the metal content in the soil on water pollution. In the scientific literature, no data assessing the value of the Mobility Ratio was found. 1  456  178  447  39  4202  238  2  493  230  269  90  1983  126  3  418  154  114  1150  2113  310  4  1583  774  855  1337  4425  195  5  160  174  171  590  1105  31  6  116  184  262  1145  2276  108 The studies of Gworek et al. [16] have also not indicated environmental pollution by Hg caused by the MSW Łubna landfill. A lack of negative influence of the MSW Łubna landfill was most probably caused by the effectiveness of the installed protective measures against pollution dispersal (e.g., the bentonite vertical barrier) [14, 15] .
The recent records of the heavy metal concentrations within the containment system below the landfill are as follows: Cd = 0.049 (mg/dm 3 ); Pb = 0.66 (mg/dm 3 ); Cr = 1.44 (mg/dm 3 ); Cu = 0.18 (mg/dm 3 ); and Zn = 0.71 (mg/dm 3 ). These are the results from the sewage chemical analyses, which were pumped out from the containment below the landfill. All the values, except for Cu, exceeded the standards [27] . Based on these findings, it is clear that the engineering reclamation solutions of the landfill sufficiently and effectively protect the areas around the landfill against the metals dispersal.
Conclusions
The studies of groundwater, soil and plant samples have indicated the lack of a significant influence of the MSW Łubna landfill on environmental pollution by heavy metals Cd, Cu, Cr, Pb, and Zn. The content of metals in the soil around the landfill was at a lower level than is common for farmlands and forest areas in Poland. In none of the measurement points did the content exceed the boundary admissible values of metal concentrations in soil. The levels of metals in the plants, i.e., the leaves and stems of European goldenrod (Solidago virgaurea L.) and grasses (Poaceae) were low and characteristic of plants growing beyond the direct influence of pollution emissions. The analysis of groundwater from piezometers located around the landfill has indicated very low concentrations of heavy metals. In none of the analyzed samples did the metal concentrations exceed the admissible values for the quality of water intended for human consumption. It is confirmed that the contaminants have been contained below the landfill body and are enclosed by the vertical barrier and natural impermeable soil layers.
